When two superconductors are connected by a weak link, a supercurrent¯ows, the magnitude of which is determined by the difference in the macroscopic quantum phases of the superconductors. This phenomenon was discovered by Josephson 1 for the case of a weak link formed by a thin tunnel barrier: the supercurrent, I, is related to the phase difference, f, through the Josephson current±phase relation, I I c sinf, with I c being the critical current which depends on the properties of the weak link. A similar relation holds for weak links consisting of a normal metal, a semiconductor or a constriction 2 . In all cases, the phase difference is zero when no supercurrent¯ows through the junction, and increases monotonically with increasing supercurrent until the critical current is reached. Here we use nanolithography techniques to fabricate a Josephson junction with a normal-metal weak link in which we have direct access to the microscopic current-carrying electronic states inside the link. We ®nd that the fundamental Josephson relation can be changed from I I c sinf to I I c sinf pÐthat is, a p-junctionÐby controlling the energy distribution of the current-carrying states in the normal metal. This fundamental change in the way these Josephson junctions behave has potential implications for their use in superconducting electronics as well as in (quantum) logic circuits based on superconductors.
The microscopic mechanism responsible for the supercurrent in a Josephson junction is the transport of correlated electrons. In a superconductor/normal-metal/superconductor (SNS) junction, conduction electrons mediate current transport from superconductor 1 (S1) to superconductor 2 (S2) by either ballistic or diffusive transport through the normal metal (N). In a ballistic junction, in which the elastic mean free path is larger than the length of the normal region, Andreev bound states are formed 3±5 . The dispersion relation of these states is such that each subsequent state carries a supercurrent in the positive or negative direction at a given value of the macroscopic phase difference between the superconductors; the states are degenerate if the phase is zero. The net supercurrent that ows between the two superconductors depends therefore not only on the actual phase difference f, but also on the occupation of the Andreev bound states. The prediction is that the electron energy distribution function in the normal region will change the supercurrent, even resulting in a sign reversal 6±8 . Transport of electrons in metals is usually diffusive, the electron trajectories are not well de®ned, and Andreev bound states are no longer the natural concept to describe the supercurrent. But electron correlations induced by the superconducting electrodes are still present, with the energy scale determined by the Thouless energy E T ~D=L 2 , where D is the diffusion coef®cient and L is the separation between the superconductors. The energy spectrum of the superconducting correlations is expressed in a so-called supercurrent-carrying density of states, which can be calculated directly using the quasiclassical Green's function theory of superconductivity
9±12
. The supercurrent-carrying density of states is an odd function of energy; it shows a phase-dependent mini-gap at low energies, above which it has a positive maximum, after which it changes sign and approaches zero at high energies. The positive and negative parts of the supercurrent-carrying density of states represent, at a given phase, energy-dependent contributions to the supercurrent in the positive and negative direction. The size and direction of the total supercurrent depends therefore on the occupied fraction of these states, which is analogous to the occupation of the discrete Andreev bound states in a ballistic system. In a recent experiment, Morpurgo et al. 13 changed the occupied fraction of the supercurrent-carrying density of states by raising the effective electron temperature. This was done by sending a normal current from normal reservoirs through the N-part of the SNS junction, leading to a Fermi±Dirac distribution with the electrons at a slightly elevated temperature. A monotonic decrease of the supercurrent was observed, which is expected for a thermal distribution.
In a mesoscopic wire, however, the distribution of electrons over the energies is not necessarily thermal. As shown by Pothier et al. 14, 15 , the electron distribution in a normal wire attached to two large electron reservoirs at a voltage difference V may have a double-step structure. A non-equilibrium state is reached by changing the chemical potentials of the electron reservoirs in opposite directions by applying a control voltage. The energy of the electrons in the wire depends on the distribution functions of the reservoirs, possibly modi®ed by inelastic relaxation processes inside the wire. If the wire is suf®ciently short, so that the diffusion time t D is smaller than the inelastic scattering time t i , the energy of the electrons will be conserved over the length of the wire. The energy distribution of the electrons in the channel is then given by the superposition of the Fermi±Dirac distributions of the reservoirs. This results, at suf®ciently low temperatures k B T p eV (where k B is Boltzmann's constant and e the single electron charge), in a position-dependent double-step function (Fig. 1a) . The energy separation between the steps is eV. As predicted
, such an energy distribution will have a profound effect on the supercurrent in an SNS junction, even reversing its direction for suf®ciently large control voltages. The microscopic mechanism responsible for this is the redistribution of the occupied fraction of the current-carrying density of states due to the change in the electronic distribution function inside the junction. The stable zero-current state, which corresponds to f 0 for a conventional Josephson junction, corresponds to f p at large control voltages, resulting in a current±phase relation given by I I c sinf p, hence the name p-junction. This mechanism should not be confused with the p-junction behaviour induced by magnetic impurities (refs 16, 17 and references therein) or resulting from the symmetry of the order parameter in ceramic superconductors (ref. 18 and references therein). Not only are the microscopic mechanisms different in these cases, but in our case the junction is also controllable, its state depending on the applied control voltage.
We study the behaviour of the Josephson current in four similar diffusive SNS junctions by applying a non-thermal distribution function to the normal conducting weak link. We present the results of one device. The device is shown in Fig. 1b. A thin (,40 nm) and narrow (,200 nm) gold channel is connected to two relatively thick (475 nm) electron reservoirs of millimetre size. In the other direction, the gold channel is coupled in its centre to two superconducting niobium electrodes. The distance between the two niobium electrodes is 300 nm. The measurements are performed at 100 mK to realize a sharp Fermi±Dirac distribution function inside the reservoirs. Electronic ®ltering at room temperature and at 100 mK is used to reduce external noise and hence, unintentional heating of the electrons. The gold of the channel has a diffusion coef®cient at 180 cm 2 s -1
, resulting in a Thouless energy E T < 140 meV, so that at the measuring temperature k B T 10 meV , E T , ¢ 1;500 meV (here ¢ is the superconducting energy gap of niobium). The length of the control channel between the reservoirs, L, is 1 mm, resulting in an estimated diffusion time of t D 50 ps. This is much smaller than the estimated energy relaxation time for electrons in a thin ®lm of impure gold 19 . The reservoirs are of millimetre size because they also need to act as effective cooling ®ns to prevent unwanted electron heating and hence maintain the desired step-like electron distribution 20 . The contacts between the gold and the niobium are cleaned using argon sputter etching to ensure a high interface transparency.
In the experiment, the current±voltage (I±V) curves of the SNS junction are measured for different values of control voltage across the control channel (V control ). From these curves, we determine the critical current of the junction as a function of the control voltage (Fig. 2) . The critical current of the SNS junction shows a nonmonotonic behaviour as a function of control voltage. At zero control voltage, the product I c R n (where R n is the normal state resistance of the junction), 200 mV, is of the order of the Thouless energy, in good agreement with the theory of diffusive SNS junctions 21 . When a voltage is applied, the distribution function inside the gold wire changes, and therefore the occupation of the energy levels carrying the supercurrent also changes. A decrease of the supercurrent is observed, reaching zero at V control 520 mV [ V critical , corresponding to approximately four times the Thouless energy; no sign of a supercurrent can be detected (Fig. 2,  inset) . At higher voltages, the supercurrent reappears. In Fig. 2 we plot the critical supercurrent in this region with a minus sign, anticipating that the junction has entered the p-state. Above voltages of 1.7 meV, no supercurrent can be detected.
To determine the current±phase relation, I I c sinf or I I c sinf p, we need an independent way to determine the phase difference across the junction for a ®xed direction of the applied supercurrent. We recall that the normal conductance of the control channel is also modulated by the phase difference fÐa phenomenon known as Andreev interferometry and extensively studied in recent years 22, 23 . The modulation of the conductance arises from the fact that Andreev re¯ected holes scatter from both superconductors with a different phase shift, and therefore might interfere constructively (f 0) or destructively (f p). This leads to a phase-dependent change in the diffusion constant in N. The resulting phase dependence of the resistance is given approximately by DR 2 R 0 1 cosf, where R 0 has a temperature-and energy-dependent amplitude.
In Fig. 3 we show the resistance of the normal control channel (Fig. 3b ) and the observed I±V curves of the SNS junction (Fig. 3a) . The dependence of DR on the applied current changes sign on crossing the critical control voltage. The middle curve (3) shows no modulation at all; the corresponding I±V curve is linear. If we suppose that the current±phase relation is given by the conventional Josephson relation I I c sinf, then the phase difference between the two superconductors changes from -p/2 through 0 to p/2 if the current through the junction I SNS is varied from -I c to +I c . Hence the resistance of the control channel will show a minimum at I SNS 0, corresponding to f 0. This is observed for all control voltages V control , V critical . The upper curve in Fig. 3b is an example of the behaviour for V control . V critical : a maximum is observed in the resistance for I SNS 0, consistent with the assumption that the current±phase relation is now given by I I c sinf p and f p when I SNS 0. The phase difference p between the two superconductors appears whenever V control . V critical . We take this as direct proof that the junction switches from a normal state to a p-state as a function of the control voltage.
The qualitative dependence of I c on V control , and the energy at which the phase jumps, are both in agreement with theoretical work on diffusive SNS junctions 10±12 . However, the relative magnitude of the supercurrent in the p-state range of V control is smaller than one would expect in comparison to I c at V control 0. The most important reason for this is probably the geometry of the sample. In our case, the width-to-length ratio W/L is ,0.4, so that the distribution function is not constant over the entire junction length. This will reduce the magnitude of the supercurrent in the p-regime, as predicted theoretically 9 .
M
